Resveratrol is a plant-derived natural compound which possesses potential anticancer properties. However, there are scarce reports on its anticancer effects in non-small cell lung cancer and its auxiliary function on the anticancer effects of cisplatin. In the present study, we investigated the effects of resveratrol on the cell viability and apoptosis in human non-small cell lung cancer H838 and H520 cell lines. It has been found that resveratrol inhibited the proliferation of H838 and H520 cells in a dose-and time-dependent manner, and apoptosis was increased in cells treated with resveratrol which was associated with the depolarization of mitochondrial membrane potential, release of cytochrome c from mitochondria to cytosol, and abnormal expression of Bcl-2 and Bax proteins. Above all, resveratrol enhanced the effects of cisplatin on inhibition of cancer cell proliferation, induction of cell apoptosis, depolarization of mitochondrial membrane potential, release of cytochrome c and regulation on expression of Bcl-2 and Bax. Results from the present study demonstrated that resveratrol exhibited its anticancer effects on non-small cell lung cancer H838 and H520 cell lines, and enhanced the antitumor effects of cisplatin by regulating the mitochondrial apoptotic pathway. These results have put forward the rationale for further basic research and preclinical investigation on the anticancer effects of resveratrol against human non-small cell lung cancer.
Introduction
Lung cancer is one of the most frequent causes for cancerrelated death all over the world (1) and non-small cell lung cancer (NSCLC) accounts for ~85% of lung cancer cases, which can be classified as squamous cell carcinoma (SC), adenocarcinoma (AC), large cell carcinoma, and bronchoalveolar carcinoma (BAC) (2) . First-line therapeutic adoptions for all the cell types of lung cancers consist of surgery and chemotherapy, and platinum based combined chemotherapy remains the most frequently adopted therapy for patients with advanced NSCLC (3) . Although there are other targeted therapy strategies, such as monoclonal antibodies and small molecule tyrosine kinase inhibitors, only a minimal survival advantage has been observed and ~90% of NSCLC patients die within 5 years of diagnosis (4) . Therefore, novel therapeutic agents and measures with high antitumor efficiency need continuous investigation.
Resveratrol (3,4',5-trihydroxystilbene) is a phytochemical which abundantly exists in natural foods, such as grapes, red wine, berries and peanuts, and Chinese herbal medicine, such as Polygonum cuspidatum, Veratrum nigrum and Cassia obtusifolia (5) . Basic research and clinical application have suggested that resveratrol possesses a wide spectrum of biological and pharmacological effects due to its multiple hydroxyls (structure shown in Fig. 1 ). It has also been considered that resveratrol would be an ideal alternative drug in the therapy of cancers and cardiovascular diseases (6, 7) . Research on the anticancer effects revealed that resveratrol induces cell cycle arrest by deregulating expression of cyclin D1, increasing cancer suppressors, such as p53 and cdk inhibitor p21 (8) , and modulating expression of protein kinase C (PKC) (9) . It has been confirmed that resveratrol induced cell apoptosis by interfering with expression and function of Bcl-2 phosphorylation (10) , Bax mitochondrial translocation (11) and inhibition of DNA synthesis (12) . However, anticancer effects of resveratrol on NSCLC are complicated and further investigations are needed in order to illustrate how resveratrol exhibited its anticancer effects in NSCLC.
Various agents exhibit their anticancer effects mainly through cell cycle arrest and cell apoptosis induction, and apop- tosis was induced by cell death receptor-mediated extrinsic pathway and mitochondrial mediated intrinsic pathway which can be triggered by various stimuli, such as reactive nitrogen species (RNS), reactive oxygen species (ROS), cell-cell interaction, hormones, growth factor withdrawal, antigens and chemotherapeutics. It has been widely reported that natural products and agents could induce cell apoptosis by disturbing the balance between the production of ROS and the depletion of glutathione (GSH). The imbalanced redox status could further open the mitochondrial permeability transition pore (PTP) which may lead to depolarization of mitochondrial membrane (∆Ψm). Then, cytochrome c is released into cytosol followed by activation of caspase-3 and apoptotic cell death (13, 14) . Taking the above into account, we hypothesized that resveratrol treatment could facilitate the anticancer effects of cisplatin on depolarization of mitochondrial membrane and release of cytochrome c followed by abnormal activation of apoptotic regulators and cell death. In order to evaluate this hypothesis, we investigated the effects of resveratrol combined with or without cisplatin on mitochondrial membrane potential as well as following signaling pathways in H838 and H520 cells. Results from the present study showed that resveratrol induced cell apoptosis in NSCLC cell lines and enhanced the anticancer effects of cisplatin via activation of mitochondrial intrinsic apoptosis cascade.
Materials and methods
Cell lines and culture. Human lung cancer cell lines, H838 and H520, were purchased from the American Type Culture Collection (ATCC, USA). the two cell lines were maintained in RPMI-1640 containing 10% fetal calf serum (Gibco BRL, Grand Island, NY, USA) in a humidified atmosphere containing 5% CO 2 at 37˚C. All experiments were carried out with cells in logarithmic phase.
Cell growth inhibition assay. The effects of resveratrol on cell viability were determined by microculture tetrazolium (MTT) assay. Briefly, H838 and H520 cells were seeded in 96-well plates at a density of 1x10 4 cell/well and treated with various doses of resveratrol or cisplatin for 24 h. After that selected dosage of resveratrol and cisplatin were used in H838 and H520 cells for 24, 48 and 72 h. Finally, the two cell lines were treated with combined usage of resveratrol and cisplatin. Following these treatments, cells were further incubated with MTT (5 mg/ml, dissolved in PBS and filtered through a 0.22-mm membrane) at 37˚C for 4 h before DMSO was added into each well to dissolve farmazan crystals, and the absorbance of each well was determined at 492 nm on an automated Bio-Rad 550 micro-plate reader (Bio-Rad Laboratories Ltd., Shanghai, China).
Examination of morphological changes of cells. H838 and H520 cells were seeded in a 24-well plate and then stimulated with resveratrol and/or cisplatin for 24 h. The images of the cells were captured with an inverted microscope at 10x10 magnification (DMI6000B, Leica, Germany). Changes of cell morphology indicated cytotoxicity of resveratrol on H838 and H520 cells.
Measurement of mitochondrial membrane potential (MMP).
Tetrechloro-tetraethylbenzimidazol carbocyanine iodide (JC-1, Beyotime Institute of Biotechnology, China) is a mitochondrial-specific cationic dye, it is a monomer when the mitochondrial membrane potential is <120 mV and emit a green light (540 nm) following excitation by blue light (490 nm). JC-1 was used, in the present study, to evaluate the changes of MMP in H838 and H520 cells with or without stimulation of resveratrol, cisplatin or combined usage of the two agents. Briefly, cells were seeded in a 24-well plate at the density of 2x10 5 cell per well, and incubated with 5 µM JC-1 for 30 min after challenge by resveratrol and cisplatin. Finally, fluorescence was captured with the inverted fluorescence microscope and changes in fluorescence intensity ratio between the measurements at wavelengths of 590 (red) and 540 nm (green) were used to evaluate the mitochondrial membrane potential.
Cell apoptosis analysis by flow cytometry. The apoptotic rate of H838 and H520 cells challenged with or without resveratrol and cisplatin was detected by flow cytometry using Annexin V-FITC/PI staining (KeyGen Biotech, Jiangsu, China). Briefly, cancer cells were seeded and incubated in 6-well plates and treated with resveratrol and/or cisplatin for 24 h. After that, cells were collected, washed with PBS and resuspended in binding buffer containing PI and Annexin V-FITC and incubated at room temperature in the dark for 15 min according to the manufacturer's instructions. Finally, cells were analyzed by flow cytometer (BectonDickinson, San Jose, CA, USA).
Western blot analysis. The extraction of cytosolic and total proteins of the cells from different groups was carried out according to instructions of protein extraction kit (Beyotime Institute of Biotechnology, Jiangsu, China). Protein concentrations were determined by BCA method with an assay kit (Beyotime). Equal amount of proteins from each group were electrophoresed on 12% SDS-PAGE before transferring to PVDF membrane (Millipore, MA, USA). The membrane was then blocked with 5% (w/v) non-fat milk and washed with Tris-buffered saline-Tween solution (TBST). Then, the membranes were incubated overnight at 4˚C with primary antibodies according to the manufacturer's instructions. After being washed with TBST, membranes were further incubated with secondary antibody at room temperature for 2 h. Finally, immune-reactive signals were detected by ECL detection system (Amersham Pharmacia Biotech).
Statistical analysis. Statistical analysis was performed with SPSS 17.0. Numeric variables are expressed as means ± SD. Statistical differences among experimental conditions were performed by one-way analysis of variance (ANOVA) followed by Dunnett's test. P<0.05 was considered to be statistically significant.
Results

Effects of resveratrol on lung cancer cell proliferation.
MTT assay was carried out in order to assess the growth inhibitory effects of resveratrol on proliferation of H838 and H520 cells. The results showed that an extremely low dose of resveratrol (<40 µg/ml) exhibited a mild enhancing effect on the proliferation of H520 cells, while higher dose of resveratrol (>50 µg/ml) inhibited the proliferation of H838 and H520 cells in a dose-and time-dependent manner (Fig. 2) . The MTT results also revealed that the same dose of resveratrol leads to a much stronger inhibition on growth of H838 cells compared with that of H520 cells.
Influence of resveratrol on morphology of lung cancer cells.
As shown in Fig. 3A and E, cell colonies were found in normal H838 and H520 cells, and most of the normal cells were scattered in the whole field of microscope. The cell bodies of normal H838 and H520 cells were stretched in different directions, and nucleus of those normal cells stayed in the center and formed a relative dark area. The cells stimulated by resveratrol at 40 µg/ml in H838 cells and 55 µg/ml in H520 cells (shown in Fig. 3B and F) were sparse with decreased cell number. On the other hand, single cells challenged by resveratrol exhibited cell shrinkage, condensed cytoplasm and increased percentage of the nucleus.
Resveratrol induces apoptosis in H838 and H520 cells. In order to investigate anticancer effects of resveratrol on NSCLC, H838 and H520 cells were treated with resveratrol as described in Materials and methods and the percentage of cells undergoing apoptosis were determined by flow cytometric analysis after being stained with Annexin V-FITC and PI. The results showed that resveratrol (40 µg/ml for H838 cells and 55 µg/ml for H520 cells) caused apoptosis in H838 and H520 cells. Early apoptotic cells in each experimental group significantly increased compared with that of control group (Fig. 4) . Although there was some difference in data from H838 and H520 cells, the results from the two cell types indicated a similar trend after being challenged by resveratrol.
Effects of resveratrol on MMP. According to the above findings, we hypothesized that the anticancer effects of resveratrol was associated with function of mitochondria. We evaluated the MMP of cells from each group stimulated by resveratrol (55 µg/ml) or not. As shown in Fig. 5 , green light in H520 cells became stronger compared with that of control when stimulated by resveratrol, which meant a decreased MMP in the cells when challenged by resveratrol.
Effects of resveratrol on release of cytochrome c. In order to further confirm the role of mitochondria in resveratrol induced apoptosis in H838 and H520 cells, the release of cytochrome c from mitochondria to cytosol was examined in H520 cells treated with different dose of resveratrol (50, 60 and 70 µg/ml). The results show (Fig. 6 ) that the content of cytosol cytochrome c increased in a dose-dependent manner.
Effects of resveratrol on the expression of apoptosis regulators.
Our data showed that resveratrol-induced apoptosis was closely related to MMP depolarization. It has been broadly Figure 5 . Depolarization of the MMP in H520 cells was evaluated by JC-1. Changes in fluorescence intensity ratio between the green light (540 nm) and red light (590 nm) represent the mitochondrial membrane potential. Ctl, control; Pt, cisplatin 5.0 µg/ml; Res, resveratrol 55 µg/ml; Res+Pt, cisplatin 5.0 µg/ml + resveratrol 55 µg/ml. accepted that Bcl-2 protein family participated in the mitochondrial apoptotic pathway (14) . In order to further illustrate the mechanism of resveratrol in cell apoptotic effects, we evaluated the expression of Bcl-2 family proteins in H520 cells treated with different dose of resveratrol (50, 60 and 70 µg/ml). As shown in Fig. 7 . the expression of Bax was markedly increased by resveratrol compared with that of control. On the other hand, the expression of Bcl-2 was significantly decreased by resveratrol. More importantly, the expression of Bcl-2 and Bax changed in a dose-dependent manner.
Resveratrol enhances the effects of cisplatin on NSCLC cell proliferation morphological changes. After confirmation that resveratrol exhibited anticancer effects by interfering with the mitochondria-related apoptotic pathway, we evaluated whether resveratrol could enhance the anticancer effects of cisplatin. MTT assay was carried in H838 and H520 cells stimulated by cisplatin combined with or without resveratrol. As shown in Fig. 8A and B, cisplatin inhibited the proliferation of H838 and H520 cells in a dose-dependent manner, besides, low dose of cisplatin also suppressed H838 and H520 cell proliferation which was different from the effects of resveratrol. The combined use of cisplatin (5 µg/ml) and resveratrol (at 40 µg/ ml in H838 cells and 55 µg/ml in H520 cells) exhibited a much better inhibition effect on the proliferation of the cells than single usage of the two agents (Fig. 8C and D) . The joint application of cisplatin and resveratrol also resulted in much more apparent morphological changes in H838 and H520 cells ( Fig. 3D and H ) compared with that of cisplatin alone (Fig. 3C  and G) .
Resveratrol enhances the effects of cisplatin on MMP and cell apoptosis. We further examined the MMP and cell apoptosis in the cells treated with cisplatin combined with or without resveratrol. Results showed that (Fig. 5) cisplatin could decrease the MMP in H520 cells and there was severe decrease in MMP in cells stimulated by cisplatin (5 µg/ml) combined with resveratrol (55 µg/ml). Cell apoptotic results also showed that resveratrol accelerated cisplatin induced apoptosis in H838 and H520 cells (Fig. 4) .
Resveratrol promotes cisplatin-induced cytochrome c release.
In order to validate the enhancement on the anticancer effects of resveratrol, we examined the cytosol cytochrome c release in H520 cells treated with cisplatin combined with or without resveratrol. The results (Fig. 9) showed that cisplatin (5 µg/ ml) increased the content of cytochrome c in cytosol while much more cytochrome c was released into the cytosol once cells were stimulated by cisplatin combined with resveratrol (55 µg/ml).
Resveratrol promotes the effects of cisplatin on apoptosis regulators. The expression of Bcl-2 protein family in H520 cells stimulated by cisplatin, resveratrol and joint application of the two agents were also evaluated by western blot analysis. The results (Fig. 10) showed that both cisplatin (5 µg/ml) and resveratrol (55 µg/ml) decreased Bcl-2 expression and increased the expression of Bax, while combined usage of cisplatin and resveratrol led to more marked decrease in Bcl-2 expression and resulted in more expression of Bax compared with that in cells challenged by a single agent.
Discussion
The high toxicity of anticancer drugs adopted in clinical first line therapy to normal tissues and cells is a near impassable barrier for cancer therapy. However, agents derived from various plants with few or no side effects have been recognized as potential alternative or auxiliary cure for cancer patients. Resveratrol, extracted from grape or polygonum, is such a natural compound and has been confirmed to possess anticancer potentials, reduce blood viscosity, maintaining blood flow, and inhibiting platelet aggregation (15, 16) . Previous studies have also indicated that resveratrol enhanced the sensitivity of tumor cells to chemotherapeutic agents, which was one of the major goals in the development of auxiliary chemotherapeutic drugs (17) (18) (19) . However, the mechanisms how resveratrol sensitized tumor cells to the drugs were not clearly understood.
In the present study, we investigated the inhibitory effect of resveratrol on the proliferation of non-small cell lines H838 and H520 in vitro. The results revealed that resveratrol decreased the cell viability in a dose-and time-dependent manner, besides; resveratrol treatment also induced apoptosis in the cell lines. Further examinations indicated that resvera- trol could lead to depolarization of MMP, and pathway analysis showed that resveratrol increased the release of cytochrome c from mitochondria to cytosol, upregulated the expression of Bax, deregulated Bcl-2 expression and finally resulted in cell apoptosis. Moreover, the results from combined use of resveratrol and cisplatin showed that resveratrol enhanced the effects of cisplatin on inhibition of cancer cell proliferation and induction of apoptosis in H838 and H520 cells. Those findings indicated that resveratrol exerted anticancer effects and made it easier for cisplatin to play its role in proliferation inhibition and apoptosis induction on non-small cell lung cancer H838 and H520 cells through mitochondrial apoptotic pathway.
Mitochondria are intracellular dynamic organelles and provide 95% of adenosine triphosphate (ATP) needed in human body which means mitochondria are essential for cells to maintain their normal functions (20) . During the process of oxidative phosphorylation, energy is stored as asymmetric distribution of protons and other ions between inner and outer mitochondrial membranes which is known as mitochondrial membrane potential (MMP) (21, 22) . Normal MMP is essential for oxidative phosphorylation and generation of ATP, and decreased MMP is the hallmark of early cell apoptosis induced by various stimuli. It has been confirmed, in the present study, that individual use of resveratrol or cisplatin decreased the MMP in H520 cells, however, combined application of the two agents dramatically upgraded the effects of cisplatin on depolarization of MMP in H520 cells. All these results indicated that resveratrol affected the biological functions of cancer cells and enhanced the effects of cisplatin in mitochondria related pathway.
Depolarization of MMP is associated with the opening of mitochondrial PTP which may lead to release of cytochrome c from mitochondria to the cytosol. Cytochrome c is a kind of electron transfer in oxidative phosphorylation and participates in a variety of enzymatic reaction (23, 24) . Cytochrome c released from mitochondria activated caspases and the degradation products of cleaved caspases could further increase the permeability of mitochondrial membrane, which may form a positive feedback and finally leads to cell apoptosis. Based on these clues, we evaluated the content of cytochrome c in cytosol by western blot analysis. The results showed that the content of the cytochrome c increased in a dose-dependent manner in resveratrol treated H520 cells and it was also revealed that resveratrol exaggerated the effects of cisplatin on the release of cytochrome c.
Previous studies have confirmed that the release of cytochrome c is at least partially controlled by Bcl-2 proteins (25) . There are also studies that showed that Bcl-2 could modulate cell apoptosis even after cytochrome c was released into cytosol because Bcl-2 may regulate cell apoptosis up-and downstream of cytochrome c related apoptotic pathway (26) . Bcl-2 family proteins are pivotal regulators for cell survival and apoptosis (27) . On the one hand, Bcl-2 was the first discovered death regulator which could enhance cell survival and proliferation (28) . On the other hand, Bax is an important pro-apoptosis protein which activated executors of apoptosis promoting apoptotic cell death (29) . Besides, there are studies indicating that Bcl-2 protein family regulated cell apoptosis by interfering with the permeability of mitochondrial outer membrane. Moreover, the expression balance of pro-apoptosis and anti-apoptosis proteins was also essential for cell survival because apoptosis would be triggered if Bcl-2 could not restrain the expression of Bax (30) . In the present study, we evaluated the expression of Bcl-2 and Bax in the H520 cells treated with resveratrol, cisplatin or combined use of the two agents. The results revealed that resveratrol upregulated Bax expression in a dose-dependent manner and decreased expression of Bcl-2 dose-dependently, resveratrol enhanced the effects of cisplatin on the upregulation of Bax and de-regulation of Bcl-2 expression.
In conclusion, results from the present study demonstrated for the first time that resveratrol inhibited H838 and H520 cell proliferation, and induced apoptosis in NSCLC cells through mitochondrial apoptotic pathway. Resveratrol enhanced the proliferation inhibition and apoptosis inducing effects of cisplatin at least partially through this pathway. However, further studies are still needed to fully evaluate anticancer effects of cisplatin and phloretin combination in vivo and to assess whether resveratrol could be adopted as a novel auxiliary therapeutic in cancer treatment.
